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ABSTRACT 
DESIGN OF MODIFIED ATMOSPHERE 
PACKAGING SYSTEMS FOR FRESH PRODUCE 
SEPTEMBER 1992 
SANNAI GONG, B.S., SHANXI NORMAL UNIVERSITY 
M.A., BRIDGEWATER STATE COLLEGE 
Ph.D., UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor Kenneth A. Corey 
Methods and procedures were developed for predicting, 
testing, and optimizing modified atmosphere packaging (MAP) 
designs for fresh produce. Appropriateness of a MAP design 
for a commodity can be evaluated rapidly by predicting the 
in-package steady state 02 concentrations with prediction 
equations. Input variables needed for the development of 
prediction equations are: 1) film permeability to 02 (Po2) , 
2) commodity 02 consumption rates for different 02 
concentrations (RRo2) , 3) film surface area (A), and 4) 
produce weight in package (Wp) . A steady state method was 
developed for rapid and accurate measurements of Po2. 
Repeated measurements of the Po2 for two different 
polyethylene + ethyl-vinyl acetate additive (PEVA) films 
used in this study yielded coefficients of variation less 
than 3%. RRo2 was derived from quadratic regression 
equations fitted to the 02 depletion data. The final 
predictive equations were used to predict steady state 02 
vi 
concentrations in various designs of MAP for tomato 
(Lvcopersicon esculentum Mill. 'Heinz 1370'), cabbage 
(Brassica oleracea L. capitata 'Express'), and muskmelon 
(Cucumis melo L. var. reticulatus Naud. 'Mission'). 
Predicted steady state 02 concentrations in MAP of tomato 
(Po2 = 0.0426 and 0.0620 ml.cm"2.hr'1.atm-1, A = 700 to 1350 
cm2, Wp = 85 to 1400 g) and in MAP of cabbage (Po2 = 0.03 
ml.cm"2.hr"1.atm"1, A = 3600 cm2, Wp = 1500 to 4500 g) were in 
most cases within 10% of those measured experimentally. For 
muskmelon, predicted steady state 02 concentration were 2% 
to 3% higher than those achieved experimentally. Procedures 
were refined by developing the RRo2 from a steady state 
experiment. This refinement significantly improved 
prediction results as indicated by a reduction of % error of 
predicted from experimental from 46% to 20%. A rapid method 
for testing predictions or packaging designs is to use a 
technique of active modification of atmospheres. The 
desired 02 concentration within packages and commodity 
tissues was established in less than 20 minutes, and 
subsequent maintenance or deviation of the actively 
established 02 concentration from a target 02 concentration 
can then be used to evaluate the package design or the 
accuracy of predictions. This research indicated that an 
appropriate design of MAP for a commodity can be achieved 
efficiently by predictions of steady state 02 concentrations 
for a wide range of packaging variables. Rapid 
confirmations or refinements of packaging designs can be 
achieved with a small scale active modification technique. 
vm 
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CHAPTER 1 
SCOPE AND OBJECTIVES 
Postharvest losses of fresh fruits and vegetables have 
been estimated to be 25% to 40% in the USA and as high as 
50% in developing countries (Lioutas, 1988; FAO, 1989). 
Extending shelf life of fresh fruits and vegetables has long 
been a central objective of research in postharvest 
physiology. Factors such as temperature, relative humidity, 
maturity, and proper sanitation are important in maintaining 
the quality of fresh produce. Once these primary 
requirements have been met, further maintenance can be 
achieved by altering the composition of gases in the 
atmosphere surrounding the product (Brecht, 1980; Isenberg, 
1979; Smock, 1979; Kader et al., 1989). The beneficial 
effects of using low 02 concentration (1-3%) during apple 
storage were recognized more than 60 years ago (Kidd and 
West, 1927). 
Commercially, altering gas compositions surrounding 
fruits and vegetables has been achieved by the use of 
controlled atmosphere (CA) storage facilities. However, 
such facilities are expensive and require intensive 
management for regulation of gas concentrations. Therefore, 
CA is most suited for long term bulky storage of commodities 
such as apple and cabbage (Furry et al., 1981; Ryall and 
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Pentzer, 1979). An economical alternative for altering 
atmospheres surrounding produce is the use of modified 
atmosphere packaging (MAP). In MAP, produce is enclosed 
into a semipermeable plastic film, and a beneficial 
atmosphere within the package develops and is maintained 
through the interaction of produce respiration and gas 
diffusion through the film. MAP is well suited for short 
term storage of small quantities of fruits and vegetables, 
situations that are encountered frequently in transit and in 
retail displays. 
The potential of MAP for shelf life extension of fresh 
produce was summarized by Zagory and Kader (1989). In 
general, a MAP that provides optimum concentrations of 02 
and C02 doubles the shelf life of a commodity at ambient 
temperatures (20 - 25°C) and increases the shelf life by 
about 25% at the optimum temperature. Selection of proper 
values for packaging variables is necessary for MAP to 
achieve and maintain a targeted 02 concentration. Oxygen 
concentrations of 2 to 5% are usually effective in slowing 
respiration for most commodities (Hardenberg et al., 1986; 
Kader et al., 1985). Oxygen concentrations which are too 
low (e.g., < 1%) could lead to anaerobic injuries. It is 
therefore important to have some prior knowledge about the 
maximum gradients which can exist for a commodity. 
Past methods for designing a MAP with desired 
atmospheric concentrations of 02 and C02 were largely trial 
2 
and error processes. Produce traditionally was packaged in 
a number of films, and changes in gas concentrations were 
followed until steady state conditions were reached. Such 
an approach is time consuming and often led to high 
development costs. This dissertation focused on developing 
more efficient procedures for designing, testing, and 
optimizing MAP systems for fresh produce. 
Specifically, the objectives of this work were the 
following. 
1) Develop an equation to predict steady state 02 
concentrations in packages of tomato (Lvcopersicon 
esculentum. Mill. cv. 'Heinz 1370'), cabbage (Brasssica 
oleracea. L. capitata ’Express'), and muskmelon (Cucumis 
melo. L. var. reticulatus Naud. cv. 'Mission') by first 
obtaining the following input variables: film permeability 
to 02 (Po2) , oxygen consumption rates at different 02 
concentrations (RRo2) , packaging film surface area (A) , and 
produce weight in packages (Wp) . 
2) Develop methods for determining the input variables 
Po2 at different temperatures and RRo2. 
3) Develop a rapid method for testing theoretical 
predictions and evaluating the predictive power of the 
equation by comparing predicted steady state 02 
concentrations vs. those achieved experimentally for a range 
of packaging conditions. 
3 
4) Develop a computer program for rapid prediction of 
steady state 02 concentrations for different packaging 
designs. 
4 
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CHAPTER 2 
METHOD FOR MEASUREMENT 
OF GAS PERMEABILITY OF POLYMERIC FILMS 
Additional Index Words: diffusion, steady state oxygen 
concentration, permeability coefficient, modified atmosphere 
Abstract 
A rapid, steady state method was used for measuring gas 
permeability of two polyethylene + ethyl-vinyl acetate 
additive (PEVA) films with different thicknesses (1.3 and 
1.6 mil). A film sample was sealed between two equal volume 
chambers with pure 02 and pure N2 flowing through opposite 
sides. Oxygen concentrations in the N2 cell were measured 
with time until steady state was reached. 02 permeability 
measured for each film from four replications showed 
excellent precision with coefficients of variation less than 
3%. The time required to reach steady state 02 
concentration was dependent on film type, flow rate, and 
temperature. The higher the N2 flow rate, the shorter the 
time to reach steady state 02 concentrations. The slowest 
measurement at the lowest flow rate of 27 ml/min took less 
than 3 hours to achieve steady state. Increasing 
temperature from 10°C to 20°C resulted in an approximately 
40% increase in 02 permeability for both films tested. The 
7 
technique can be used for measuring permeabilities of films 
at different temperatures and for selecting the appropriate 
material for modified atmosphere packaging of fresh produce. 
Introduction 
Modified atmosphere packaging (MAP) has emerged as an 
inexpensive way to extend shelf life of many fresh fruits 
and vegetables (Roman, 1989? Zagory and Kader, 1988). 
Recent technology in the manufacture of polymeric films has 
led to development of numerous films possessing a wide range 
of gas permeability characteristics. Selection of a 
packaging material with appropriate permeabilities to 
metabolic gases is essential to the success of MAP. Steady 
state gas compositions surrounding the produce in MAP are 
achieved and maintained through the interaction of product 
respiration and gas diffusion across the packaging film 
(Kader et al., 1989). Commodities packaged with films 
having permeabilities that are too high or too low gain 
little benefit due to under- or over-modifications of in¬ 
package atmospheres. Therefore, selection of films with the 
appropriate permeability is crucial for the design and 
implementation of MAP. 
Gas permeabilities of the wide range of potential 
polymeric packaging films are not always available, and 
specified permeability values supplied by companies often 
cannot be used directly since they are typically determined 
8 
at higher temperatures (e.g., 25°C) than those used in 
practice or for experiments. Also, films with certain 
manufacturing specifications may differ from one batch to 
another. Our objective was to develop a method to measure 
gas permeability of polymeric films rapidly, accurately, and 
inexpensively. The measured permeability value then can be 
used to evaluate the suitability of a film for a commodity 
and to optimize other packaging variables for a MAP design 
that will achieve the desired in-package steady state gas 
composition. 
Materials and Methods 
A schematic diagram of the apparatus used to measure 
film permeability is shown (Fig. 2.1A). The apparatus was 
similar in principle but modified in design from that used 
for measurement of gas diffusion through cucumber fruit 
(Corey et al., 1983). It consisted of two flowmeters, gas 
supplies, and a polyethylene + ethyl-vinyl acetate additive 
(PEVA) film (MaxPak Industries, Sommerville, Mass) sealed 
between two identical chambers (referred to as N2 and 02 
cells). Each chamber had a gas inflow line, a gas outflow 
line, and a gas sampling port. A thin layer of high-vacuum 
grease was evenly applied on the flat edges of both cells. 
The film was then sealed between cells. Care was taken to 
ensure alignment of cells so that film surface area 
available to gas diffusion could be calculated based on the 
9 
inner diameter of the cell opening. To start an experiment, 
high purity N2 and regular grade commercial 02 were 
simultaneously flowed through two cells. High flow rates 
(approximately 800 ml/min) of N2 and 02 were used initially 
to purge the air in the N2 and the 02 cells. When 02 
concentration in the N2 cell was reduced to no greater than 
0.05%, flow rates for both gases were adjusted to 50±20 
ml/min, and the time was recorded as zero. The 02 and N2 
diffused across the film to the opposite sides due to 
partial pressure gradients. Oxygen concentration in the N2 
cell then was measured by a gas chromatography every 10 to 
15 minutes, by taking 0.5 ml gas samples from the N2 cell 
until a steady state concentration of 02 was reached. At 
the end of the experiment, the N2 flow rate was measured 
more precisely using the soap bubble method. 
The rate of gas diffusion across a plastic film is 
directly proportional to film permeability, film surface 
area, and the partial pressure (or concentration) difference 
across the film. This is expressed as 
J=PiAACi [2.1] 
where J is the rate of diffusion of gas i across the film 
(ml/hr). Pi is the film permeability to the gas (ml.cm'2. 
hr'1.atm'1), A is the surface area of the film (cm2). 
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and ACi is the change in partial pressure (or concentration) 
of the gas across the film (atm). 
In a flow-through system, the 02 flux from the N2 cell 
(Fo2) in ml/hr is calculated by multiplying the 02 
concentration in ml/1 and N2 flow rate (RN) in 1/hr. 
Fo2=[Q2]Rn [2.2] 
At the start of the experiment, the Fo2 from the N2 cell 
gradually increases as 02 concentration increases. A steady 
state condition is achieved when 02 concentration in the N2 
cell becomes high enough so that Fo2 equals the rate of 02 
diffusion across the film into the N2 cell from the 02 cell. 
Therefore, at steady state 
[°2 1 RN=P02AA c°2- [2.3] 
Experimentally, Po2 was calculated from rearrangement of 
Eq. [2.3]. 
Po2 
rnW 
AACo2 
[2.4] 
Film surface area available for gas diffusion. A, was 
calculated from the inner diameter (d=11.5 cm) of the cell 
(Fig. 2.IB). The 02 partial pressure difference (ACo2) was 
considered to be 1 atm. 
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Results and Discussion 
Changes in 02 concentration in the N2 cell for two PEVA 
films are shown in Fig. 2.2. The rate of increase in 02 
concentration decreased with time until a steady state 
concentration was reached. The time to reach steady state 
was about 100 minutes at a N2 flow rate of approximately 3 0 
ml/min regardless of film permeability. During repeated 
measurements of film permeability, the N2 flow rate was 
varied from 25 ml/min to 65 ml/min to examine the effect of 
flow rate on the time needed to reach steady state. High 
flow rate did not affect the final calculated permeability, 
but resulted in lower steady state 02 concentrations and 
shortened the time needed to reach steady state (Fig. 2.3). 
Permeability values were calculated from experimental 
measurements on four samples of two PEVA films (Table 2.1). 
The method produces highly reproducible results as indicated 
by the low coefficients of variation. 
The effect of temperature on film permeability to 02 
was studied. Permeability of both films increased by an 
average of 40% (Q10=1.4) when temperature was increased from 
10°C to 20°C (Table 2.2). The nature of dependence of 
permeability on temperature needs to be determined for 
developing packaging designs, especially if temperature 
changes occur during transit. 
The basic principle which guides the design of MAP 
systems can be described by the following equation where the 
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steady state gas diffusion rates across the packaging film 
is equal to the equilibrium respiration rate of the 
commodity (Zagory and Kader, 1988), 
PAAC=RW [2.5] 
and where P is the film permeability to the gases, A if the 
total surface area of the packaging film, Ac is the partial 
pressure (or concentration) difference of the gas (02 or 
C02) across the packaging film, W is the commodity weight in 
the package, and R is the steady state respiration rate 
which could be represented either by 02 consumption or by 
C02 production. It is evident from the above equation that 
to achieve desired in-package steady state gas 
concentrations, knowledge of the permeability of the film is 
necessary for the selection of the appropriate film and 
other packaging variables such as W and A. 
The method described here should provide an effective 
tool for rapid measurements of gas permeability of different 
packaging films under actual temperatures to be used. In 
applying the method, careful attention should be given to 
the following details to ensure accurate measurements when 
conducting experiments: 1) In setting up the experiment, 
best efforts should be made to ensure that joints (i.e., 
between plastic tubes and N2 and 02 cells) and contacting 
surfaces (between film and edges of N2 and 02 cells) are 
13 
gas-tight. However, if a minor leak exists, it should not 
have a significant effect on the results since a flow 
through system will keep a slightly positive pressure inside 
the N2 and 02 cells, which makes the diffusion of gas from 
the surrounding air into N2 and 02 cells a less likely 
event. 2) High purity gases should be used for improved 
accuracy. For example, if regular grade N2 was used instead 
of high purity grade, the small background 02 concentrations 
(> 0.02%) in regular grade N2 would lead to greater 
experimental errors when measuring 02 concentrations in the 
N2 cell. 3) Since film permeability is very sensitive to 
temperature, sufficient time should be allowed for the whole 
apparatus, including gas tanks, to equilibrate to the 
desired temperature prior to the experiment. 4) Flowmeters 
are used to stabilize the gas flow rate and should not be 
used to determine the flow rates required for permeability 
calculations. A precise way of measuring flow rate such as 
the 'soap bubble' method is essential for accurate 
determinations. 5) The measured 02 concentrations will 
usually be very low due to the use of a flow through system. 
In our case, it did not exceed 0.5% at the lowest flow rate 
of 27 ml/min. A syringe kept in air without cleaning before 
taking samples will result in large experimental errors. 
Therefore, it is necessary to flush the syringe thoroughly 
with high purity N2 before taking each sample. 6) High flow 
rates of N2 will shorten the duration of the experiment but 
14 
will also necessitate increased sensitivity for measurement 
of the lower 02 concentrations that would result, which 
could lead to greater experimental error. 
Finally, for the purpose of using the measured 
permeabilities, a distinction should be drawn between the 
permeability, P, described and measured here and the 
permeability coefficient. The permeability coefficient can 
be calculated by multiplying P by the film thickness 
(Cameron et al., 1989? Yasuda and Stannett, 1975). 
Permeability coefficients are useful if one wants to 
calculate the permeability values of the same film with 
different thicknesses. In the case of modified atmosphere 
packaging, knowing the permeability P is adequate for the 
determination of gas permeation rates across films and 
prediction of steady state in-package gas concentrations. 
15 
Table 2.1. Descriptive statistics for 02 permeabilities of 
two PEVA films with different thicknesses (1.3 and 1.6 mil) 
at 20°C. 
Descriptive 
statistic 
02 permeability 
(ml • cm"2, hr-1, atm-1) 
1.3 mil 1.6 mil 
Replications 4 4 
Mean 6.202 X 10"2 4.260 X 10"2 
S.D. 1.021 x 10"3 1.080 X 10"3 
C.V. 2.54 1.65 
95% Confidence 
interval 
Lower 6.040 X 10"2 4.088 X 10'2 
Upper 6.356 x 10“2 4.432 X 10"2 
16 
Table 2.2. Effect of temperature on 02 permeability of two 
PEVA films. 
Film 
thickness 
02 permeability 
values 
(ml. cm'2, hr'1, atm'1) 
Qio (mil) 
10°C 20°C 
1.3 0.0448 0.0620 1.38 
1.6 0.0300 0.0426 1.42 
17 
SAhfLE SITE GAS OUTLET 
FLOWMETER 
(A) 
Fig. 2.1. Schematic diagram of apparatus for measurement of 
gas permeability (A) and plastic containers used as the N2 
and 02 cells (B) . 
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Fig. 2.2. Changes in 02 concentration in the N2 cell for 
two PEVA films during film permeability measurements. 
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concentration in the N2 cell to reach steady state at 20 C. 
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CHAPTER 3 
PREDICTING STEADY STATE OXYGEN CONCENTRATIONS 
IN MODIFIED ATMOSPHERE PACKAGES OF TOMATOES 
Additional Index Words: packaging ratio, film permeability, 
Lvcopersicon esculentum. 
Abstract 
Mathematical procedures for predicting steady state 02 
concentrations for a range of packaging conditions for 
modified atmosphere packages (MAP) of tomato (Lvcopersicon 
esculentum. Mill. cv. 'Heinz 1370') were developed and 
tested. The relationship between 02 consumption rate and 02 
concentration was determined using 02 depletion data 
collected by enclosing tomatoes in jars and sampling 02 
concentration in the jars with time. The fitted function 
was then used in conjunction with the input variables: film 
permeability to 02 (Po2) , film surface area (A), and fruit 
weight in packages (Wp) to develop an equation to predict 
steady state 02 concentrations for different packaging 
ratios (A/Wp) and film permeabilities. Prediction curves 
showing steady state 02 concentration for packaging ratios 
in the range of 1 to 12 closely resembled best fit curves of 
experimental data. Increasing temperature from 20°C to 28°C 
had little effect on in-package 02 concentration but 
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decreasing temperature from 28°C to 10°C led to higher 
in-package 02 concentrations. Results indicate that the 
predictive equation can be used to select appropriate films 
and optimize packaging ratios to achieve desired steady 
state 02 concentration for MAP of tomatoes. 
Introduction 
Delaying tomato fruit ripening is desirable during 
distribution and for short-term storage prior to marketing. 
Commercially, tomatoes intended for distant markets usually 
are harvested at mature green or breaker stages so that 
fruits can endure the rigors of handling while maximizing 
shelf life. Fruits harvested at mature green and breaker 
stages will ripen to the firm red stage in 7 to 10 days and 
2 to 3 days, respectively, when kept in air at 20°C (Hobson, 
1987? Ryall and Lipton, 1979; Stenvers and Bruinsma, 1975). 
These times often are not sufficient for transport of fruits 
from production sites to distant retail markets. The 
incidence of over-ripe fruits often leads to increased 
mechanical damage in transit and has been reported as a 
serious problem associated with long-distance shipments 
taking more than a week (Geeson et al., 1985). 
Refrigeration and controlled atmosphere storage (CA) are 
effective tools for delaying ripening for long durations in 
transit but are limited due to high costs and limited 
availability, particularly in developing countries. Tomato 
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fruits are also sensitive to chilling injuries at 
temperatures below 12.5°C (Ryall and Lipton, 1979; Hobson, 
1987; Cheng and Shewfelt, 1988), thereby limiting the 
potential of refrigeration for extending shelf life. 
Alternatively, an inexpensive way to delay fruit 
ripening is the use of modified atmosphere packaging (MAP), 
where fruits are sealed in semipermeable plastic packages 
which enable the development of a beneficial gas atmosphere 
created and maintained by the interaction of fruit 
respiration and gas diffusion through the packaging film. 
An appropriate MAP for unripe tomatoes delays changes 
in color, acidity, soluble solids content, and firmness 
(Yang and Chinnan, 1987; Nakhasi et al., 1991). In 
addition, fruits kept in MAP also benefit from reduced 
weight loss due to maintenance of high relative humidity 
(Anderson and Poapst, 1983). Maximum benefits for tomatoes 
in MAP were obtained when the 02 concentration inside the 
package was maintained in the range of 3% to 5% (Geeson et 
al., 1985; Dennis et al., 1979; Kader et al., 1980). In¬ 
package 02 concentrations below 3% may lead to uneven 
ripening and off-flavors. The benefits of a MAP system for 
tomato decrease when 02 concentration is above 5% and 
disappear when 02 concentration approaches 10% (Ryall and 
Lipton, 1979). For a MAP design to achieve and maintain an 
02 concentration in the desired range, it is necessary to 
select the appropriate combinations of film type, film 
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surface area, and fruit weight. Mathematical procedures for 
predicting and optimizing packaging variables for tomatoes 
have been developed (Cameron et al. 1989; Henig and Gilbert, 
1970). However, the equations were not tested for their 
predictive powers under a wide range of packaging situations 
to include different films and different packaging ratios 
(ratio of film surface area to fruit weight). 
The objectives of this work were to develop and test 
mathematical and experimental procedures for predicting 
steady state 02 concentrations in MAP systems for tomato for 
a range of packaging variables. 
Materials and Methods 
Mathematical Procedures 
Modeling of gas concentrations in a MAP of fresh 
produce is based on the concept that at steady state, the 
amount of 02 diffused into the package equals the amount of 
02 consumed by commodity respiration. The amount of 02 
diffused into the package from the surrounding atmosphere 
(Jo2) is calculated from Fick's law of gas diffusion, 
*V*V»(°-208-[o2]p) [3-1] 
where Po2 is the film permeability to 02 (ml.cm"2.hr"1.atm"1) , 
A is the film surface area (cm2), 0.208 is the ambient 
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partial pressure of 02 (atm), with the package being kept in 
air, and [02]p is the partial pressure of 02 in the package 
(atm). 
Oxygen consumption by a commodity in MAP (Co2) is 
calculated by multiplying the 02 consumption rate at in¬ 
package 02 concentrations (RRo2) in ml.kg-1.hr-1 and commodity 
weight (Wp) in kg. 
=**o2V 
[3.2] 
For a MAP system at steady state, the following 
equation can be established from Eq. [3.1] and Eq. [3.2], 
PO2A(0.208-[O2]p) =RR0Wp. [3.3] 
For this study, Po2 for two polyethylene + ethyl-vinyl 
acetate additive (PEVA) films (thickness = 1.3 and 1.6 mil) 
were determined to be 0.042 6 and 0.062 0 ml.cm'2.hr-1.atm-1 at 
20°C as described in chapter II. Oxygen consumption rates 
were derived from 02 depletion data. Several methods were 
used to fit functions to the 02 depletion data, including 
the nonlinear approach of the form [02] = ae'bt- However, the 
best fitting function was found to be a second order 
polynomial expressed as, 
[02] =at2+bt+c, [3.4] 
26 
where [02] is the 02 concentration in the sealed jars (%) , t 
is the tine from sealing the jar (hrs), and a,b, and c are 
constants. 
Eq. [3.4] then was used to derive the input variable 
RRo2 by the following three steps. The first derivative of 
Eq. [3.4] represents the 02 consumption rate at any time. 
d[P2) 
dt 
=2 at+b [3.5] 
Second, the respiration rate of fruit at any time was 
calculated by incorporating into Eq. [3.5] the void volume, 
V (liter) , in the jar and the fruit weight, WR (kg) , used in 
the respiration measurements. A factor 10 is needed for the 
resulting unit to be ml. kg"1, hr"1. 
£^=10 (2at+b) W~rV t3-6] 
Finally, a solution for t is obtained from Eq. [3.4] and 
then substituted into Eq. [3.6] to yield the input variable 
RRo2. 
r -b±Jb2-4a(c- [02] ) 
^,,=10 [2a-1-?— +b] WrV 
02 2 a [3.7] 
=10(^Jb2-4a(c-[O2] ) W?V 
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The predictive equation was developed by substituting Eq. 
[3.7] into Eq. [3.3], 
Pq^A (0.2 0 8 - [ 02] p) =(10v/b2-4a(c-[O2] ) W~rV) Wp. 
Rearrangement of Eq. [3.8] to isolate the packaging ratio, 
A/Wp gives, 
yjb2-4a(c- [Q2]p) lov [3.9] 
POa(20.8-[O2]p) WR ‘ 
Since the unit of [02] on the left side of Eq. [3.8] is atm, 
a factor of 100 (1 atm = 100 %) enabled the predicted steady 
state 02 concentration to be expressed in volume percentage 
(%) • 
This equation was used to predict steady state 02 
concentrations for different packaging ratios. Since the 
algebra required to obtain a solution for [02] for a given 
packaging ratio was cumbersome, a computer program was 
written to solve the equation using iterative procedures 
(Appendix A). Oxygen concentrations from 1% to 20%, at 
increments of 0.1%, and 02 permeability of the packaging 
films were fed into the program to calculate the 
corresponding packaging ratio until an 02 concentration 
(solution) was found to satisfy the condition that the 
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packaging ratio calculated was within 1% of the targeted 
packaging ratio. 
Fruit 
Tomato (Lvcopersicon esculentum Mill. 'Heinz 1370') 
plants were grown at the University of Massachusetts 
Research Farm, South Deerfield, Mass, in 1991. Mature green 
fruits were harvested and kept at 2 0°C for 12 to 24 hours 
prior to the conduct of experiments. Fruit selected for 
experiments were uniform in size and free from obvious 
defects. 
Gas Analyses 
All gas samples were analyzed on a gas chromatograph 
equipped with a thermal conductivity detector (Varian 
Instrument, Model 92 0) . The column used to measure C02 and 
02 concentrations was CTR 1-3700. Temperature conditions 
used were column at 35°C, detector at 150°C, and injector at 
150°C. The flow rate of the carrier gas (He) was 60 ml/min. 
Respiration Measurement 
Two fruits with a total weight of 290±5 g were enclosed 
into each of three, 1-liter, gas-tight, glass jars. Oxygen 
concentration in each jar was measured over time until they 
decreased below 1%. The 02 depletion function was used to 
29 
develop a respiration rate function as described in the 
mathematical procedures. 
MAP Package 
To test the predictive power of the equation, pouches 
of surface areas (A) ranging from 700 cm2 to 13 50 cm2 were 
made. Various weights of fruit (Wp) from 85 g to 1400 g 
were then sealed into those packages using an impulse sealer 
(State Mercantile Corp. Manhasset, New York). The packaging 
ratio ranged from 1 to 12 cm2/g. A rubber septum was glued 
on the surface of each package for gas sampling. Gas 
samples in packages were removed with a syringe at time 
intervals and then analyzed for 02 concentration until a 
steady state concentration of 02 was reached. 
Effect of Temperature 
Packages were initially kept at 2 0°C until the 02 
concentration reached steady state, and then were 
transferred to 28°C and 10°C for 4 days at each temperature. 
Changes in 02 concentrations in packages were monitored. 
Statistical Analyses and Predictions 
Regression analyses were conducted using a statistical 
package. Statistically fitted constants determined from 02 
depletion data and 02 permeabilities measured previously for 
the two films were used as input variables in a PASCAL 
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computer program (Appendix A) to generate predictions of 
steady state 02 concentrations. 
Results 
A second order polynomial fit to the respiratory 
depletion of 02 data yielded an R2 of 0.999 (Fig. 3.1). The 
fitted coefficients (a = 7.07 x lO'3, b = -0.75, and c = 
20.64) were used in equation [3.7] along with [02] values 
from 0% to 20% to generate a functional relationship of RRo2 
to [02] (Fig. 3.1 inset). Oxygen consumption rate decreased 
more sharply below [02] of about 6%, the RRo2 at 3% being 
about one third of the value at ambient [02]. 
Steady state 02 concentrations in packages of various 
packaging designs were determined. An example for changes 
in 02 and C02 concentrations in tomato packages is shown in 
Fig. 3.2. Oxygen concentration decreased rapidly within a 
day to a minimum of about 4% and then gradually increased to 
a steady state concentration of about 6%. Carbon dioxide 
followed a reverse pattern with a resulting steady state 
concentration of about 4%. 
Packaging designs, for which steady state 02 
concentrations were measured, included two PEVA films 
described in chapter II, different film surface areas (A), 
and different weights of tomatoes packaged (Wp) . The 
packaging ratio, A/Wp, was varied from 1 to 12 cm2/g for one 
film (Fig. 3.3A) and 1 to 5 cm2/g for the other (Fig. 3.3B). 
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Steady state 02 concentrations achieved in the different 
packages were plotted with their respective packaging ratios 
and compared to predicted values obtained from Eq. [3.9] 
(Fig. 3.3). Plots of predicted 02 concentrations ([02]P) 
from Eq. [3.9] vs. those achieved experimentally ([0]E) 
showed excellent predictability, with correlation 
coefficients of r=0.95 and 0.99, respectively. Closeness 
between the predictive curve and the best nonlinear fit 
(dashed curves) of data, using the equation [02] = 
a (i-e"b(A/Wp)) , also demonstrated the high predictive power of 
the procedures. 
Temperature fluctuations resulted in changes in steady 
state 02 concentrations (Fig. 3.4). When fruits were 
initially packaged and kept at 20°C, the in-package 02 
concentration decreased rapidly to a minimum of about 4% 
within a day and then gradually increased to a steady state 
level of about 6%. When packages were transferred from 20°C 
to 28°C, the 02 concentration increased gradually (about 3 
days) to a new steady state of about 7.25%. In-package 02 
concentration increased rapidly when packages were 
transferred from 28°C to 10°C, reaching a steady state 
concentration of 10.5%. 
We observed that mature green tomato 'Heinz 1370' in 
MAP containing 3% to 6% 02 can be kept from reaching the 
pink stage for three weeks at 20°C. The accompanying steady 
state C02 concentrations in those packages usually ranged 
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from 3% to 5%. No C02 injuries on fruits were observed in 
this study when fruit were in packages for up to 4 weeks and 
when ripened subsequently in air at 20°C (data not shown). 
Generalized sets of steady state [02] prediction curves 
were developed for different packaging ratios and film 
permeabilities (Fig. 3.5 and Fig. 3.6). Based on the 
desired steady state [02], these curves will aid in 
selecting films and optimizing packaging ratios for a wide 
range of packaging situations. Suppose 3% 02 concentration 
is targeted for MAP of tomato. Further, consider a range of 
practically realistic packaging ratios of 0.8, 1.0, 1.2, 
1.5, and 2.0 cm2/g. The appropriate film permeability will 
be 0.045, 0.036, 0.030, 0.024, and 0.018 ml. cm"2, hr-1, atm"1 
for those respective packaging ratios (Fig. 3.5). 
Optimization of packaging ratios can be achieved using Fig. 
3.6. For Po2 of 0.02, 0.03, 0.04, and 0.06 ml.cm'2.hr'1.atm" 
1, the predicted packaging ratios to achieve a 3% steady 
state [02] will be 1.8, 1.2, 0.9, and 0.6 cm2/g, 
respectively. 
Discussion 
Modified atmosphere packaging has been demonstrated to 
be an economical and effective way to delay ripening and 
extend shelf life of tomatoes (Geeson et al., 1985; Nakhasi 
et al., 1990; Parsons et al., 1970). Results indicated that 
packaging variables necessary for a MAP to achieve the 
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desired 02 concentration can be predicted mathematically. 
Use of functions showing predicted steady state 02 
concentrations for a range of packaging ratios (Fig. 3.3) is 
a new approach and in this study was tested comprehensively 
on two different films, different package sizes, and 
different packaging ratios. 
For predicting steady state 02 concentrations in 
packages of tomato at 2 0°C, the equations developed from 02 
depletion data fitted with second order polynomials had 
excellent predictive power. Fitting a relatively simple 
model to the 02 depletion data helped limit the complexity 
of the final predictive equation. 
The excellent predictive power of Eq. [3.9] (Fig. 3.3) 
will give versatility to practical applications and answer 
many questions concerning design of MAP systems without the 
need for a lot of time on testing and development. For 
example, Fig. 3.3 will allow packers to know immediately the 
appropriateness of films based on the packaging ratio of a 
MAP design. Suppose it is desired that a package achieve an 
02 concentration between 3% and 5% at a packaging ratio of 
about 1.0. Film B is clearly more appropriate than film A 
for this situation. Since permeability of selected films is 
often close to but not exactly the ideal value predicted, 
packaging ratio may be optimized by varying either film 
surface area or commodity weight to achieve the desired in¬ 
package 02 concentrations. 
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Eq. [3.9] can be used to make commercially useful 
predictions that will aid in selection of films and 
packaging ratios (Fig. 3.5 and Fig. 3.6). For example, if 
one wanted to design a retail package of a specified size to 
hold a specified quantity of fruit, Fig. 3.5. will help one 
to select a film with appropriate gas permeability based on 
the desired 02 concentration. Alternatively, based on 
permeability of a packaging film and the desired steady 
state 02 concentration, an appropriate packaging ratio can 
be selected (Fig. 3.6). 
Effects of temperature on in-package steady state 02 
concentrations are important to know, since packages will 
likely be subjected to changes in temperature during 
distribution. A critical concern in transit is that 
increased temperature could lead to depletion of 02 and to 
the risk of fermentative reactions. In this study with 
tomato PEVA package, it appears that temperature changes 
from 20°C to 28°C resulted in only a small increase in 
steady state 02 concentration (about 1.25%), which suggested 
that the increase in respiration was more than offset by the 
increase in permeability of the film in this temperature 
range. A decrease in temperature from 28°C to 10°C caused a 
>3.0% increase in steady state 02 concentration, which 
indicated that a greater decrease in respiration rate than 
the decrease in film 02 permeability occurred when the 
temperature was dropped from 28°C to 10°C. A relatively 
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larce increase in steady state 0: concentration (i.e., 3%) 
would have the effect of decreasing the benefits of a MAP. 
One limitation of the mathematical procedure is that it 
did not take into consideration the effect of C02 on 02 
consumption rate. Oxygen depletion data used for the 
derivation of the input variable RRo2 were collected in jars 
where C02 was allowed to accumulate. However, the excellent 
prediction results achieved suggest that the effect of C02 
on 02 consumption rate of mature green tomato was 
negligible. This result is in agreement with previous 
reports (Kubo et al., 1989; Henig and Gilbert 1975). 
Reduction in 02 consumption rate in response to C02 
concentration up to 20% is very low, although C02 
concentration above 9% decreased C02 evolution rate from 18 
to 12 ml.kg'1.hr-1 in tomato (Henig and Gilbert, 1975). 
Refinement of the input variable (RRo2) in the prediction 
equation will become necessary for commodities where higher 
CO2 concentrations significantly affect 02 consumption rate. 
In conclusion, appropriate packaging variables that 
will maximize the benefits for MAP of tomato can be 
predicted with relatively straightforward mathematical 
procedures. With the help of a computer program, rapid 
simulations and predictions will allow one to know the 
appropriate packaging design in a matter of minutes. If 
large temperature fluctuations during handling and 
distribution are expected to occur, the dependence of in- 
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package 02 concentration on temperature should be evaluated 
and appropriate temperature control should be applied 
accordingly. Proper implementation of MAP for tomato will 
retard ripening processes and extend fruit shelf life, 
thereby facilitating handling and reducing waste. 
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Time (hours) 
Fig. 3.1. Respiratory depletion of 02 by tomatoes in closed 
*ars at 2Q''C. Points are means of 3 replications ± 1 SD. 
Ir.set shows derived 02 consumption rates for different 02 
concentrations r% is volume percentage). The curve was 
generated from Eq. [3.7] shown in text. 
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Fig. 3.2. An example of changes in 02 and C02 concentrations 
in tomato packages (A = 816 cm2, Wp = 605 ± 5.37 g, Po2 — 
0.0426 ml.cm'2.hr-1.atm-1) at 20°C. Points represent means of 
4 replications ± 1 SD. 
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Days 
Fig. 3.4. Effects of temperature on steady state 02 
concentrations in MAP of tomatoes. Points represent means 
of 4 replications ± 1 SD. Arrows indicate at day 12 and 16, 
packages were transferred to a different temperature. 
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-2 -1 —1 
Po2 (ml cm hr atm ) 
Fig. 3.5. Relationships of steady state 02 concentrations 
in MAP of tomato with film permeability to 02 (Po2) for a 
range of packaging ratios (A/Wp) at 2 0°C. Numbers to the 
left of each curve denote the packaging ratio (A/Wp) in 
cm2/9- 
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Packaging Ratio (cm /g) 
Fig. 3.6. Relationships of steady state 02 concentrations 
in MAP of tomato with packaging ratio for a range of film 
permeabilities to 02 (Po2) at 20°C. Numbers to the left of 
each curve denote the Po2 in ml.cm"2.hr'1.atm'1. 
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CHAPTER 4 
PREDICTING STEADY STATE OXYGEN CONCENTRATIONS IN 
MODIFIED ATMOSPHERE PACKAGES OF CABBAGE AND MUSKMELON 
Additional Index Words: Brassica oleracea. Cucumis melo L. 
Abstract 
Procedures were developed for predicting steady state 
02 concentrations for MAP of cabbage (Brassica oleracea L. 
capitata 'Express') and muskmelon (Cucumis melo L. var. 
reticulatus Naud. 'Mission'). Weights of cabbage and 
muskmelon ranging from 1.5 to 4.5 kg were sealed into film 
bags (polythylene + ethyl-vinyl acetate additive) having a 
surface area of 3600 cm2 and an 02 permeability of 0.03 
ml.cm"2.hr-1.atm"1 at 10°C. Steady state 02 concentrations 
achieved experimentally in MAP of cabbage were within an 
average of 15% of predicted values. For muskmelon, 
predicted steady state 02 concentrations were 2 to 3% higher 
than those measured experimentally. Procedures were refined 
by developing the functional relationship between 02 
concentration and 02 consumption rate (RRo2) from a steady 
state experiment. This refinement significantly improved 
prediction results as indicated by a reduction of % error of 
predicted steady state 02 concentrations from those measured 
experimentally from 46% to 20%. 
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Introduction 
Physiological deterioration of many fresh fruits and 
vegetables can be retarded significantly when by their 
storage in modified atmosphere packages (MAP). Two 
commodities respond favorably to modified atmospheres are 
cabbage and muskmelon (Furry et al., 1984; Miyazaki and 
Oocubo, 1989). Benefits to cabbage from modified atmosphere 
storage include green color retention, reduced weight loss, 
and prevention of storage rots (Bohling and Hanson, 1977; 
Geeson and Brown, 1980; Isenberg and Sayles, 1969; Ragavan 
et al., 1984). Packaging muskmelon fruits in polymeric 
films reduced weight loss and maintained firmness due to the 
maintenance of a high relative humidity microatmosphere 
surrounding the fruits (Lester and Bruton, 1986; Mayberry 
and Hartz, 1992; Teitel et al., 1989). Muskmelon fruits 
stored at 4°C and 85% to 95% relative humidity had an 8.1% 
weight loss after 30 days compared to only 0.6% weight loss 
if fruits were shrink-wrapped individually in 12.7 /xm Clysar 
50-EHC-F film (Lester and Bruton, 1986). Further, ripening 
of preclimacteric muskmelon also can be delayed by modified 
atmospheres maintained in appropriate film packages 
(Miyazaki and Oocubo, 1989), possibly due to the inhibition 
of synthesis and action of ethylene by low 02 and high C02 
concentrations. 
Optimum film wraps may differ with different cultivars 
or even with the same cultivar at different temperatures. 
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For example, different gas diffusion resistances and maximum 
02 concentration gradients were calculated (Altman and Corey 
1987; Corey et al., 1988) for the muskmelon genotypes 
'Goldstar' and 'Tamdew'. A larger 02 concentration gradient 
between air and the fruit internal cavity was predicted and 
measured for 'Goldstar' than for 'Tamdew'. This result 
suggests that a higher 02 concentration needs to be 
maintained in the 'Goldstar' packages to overcome the 02 
concentration gradient and to avoid internal fermentation. 
Therefore, a film with greater 02 permeability will be 
needed for 'Goldstar' than for 'Tamdew'. 
Commercially, it is of value to predict the gas 
permeability of films and packaging configurations needed to 
achieve optimum in-package atmospheres for commodities. 
Mathematical procedures were developed which successfully 
predicted steady state 02 concentrations in MAP of mature 
green tomatoes for two different polyethylene + ethyl-vinyl 
acetate additive (PEVA) films under a range of packaging 
configurations in the previous chapter. The objective of 
this study was to develop equations to predict steady state 
02 concentrations in MAP of cabbage and muskmelon. 
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Materials and Methods 
Commodities 
Cabbage (Brassica oleracea L. caoitata 'Express') and 
muskmelon (Cucumis melo L. var. reticulatus Naud. 'Mission') 
were chosen because 1) they respond to low 02 and high C02 
concentrations and 2) they represent two types of 
commodities for testing the predictive procedures. Cabbage 
is nonclimacteric and has a long storage life, and muskmelon 
is climacteric and has a short storage life. Seedlings of 
cabbage and muskmelon were transplanted from a greenhouse to 
the field at the University of Massachusetts Research Farm, 
South Deerfield, Mass., after about 5 and 3 weeks of growth 
in the greenhouse, respectively. Cabbage heads were 
harvested 7 to 8 weeks after transplanting. Maturities of 
muskmelon fruit were estimated by tagging flowers at 
anthesis. Fruits used for experiments were harvested 35 to 
37 days after anthesis and were preclimacteric. Cabbage 
heads and muskmelon fruits were stored immediately at 2±2°C 
and 10±1°C, respectively, with a relative humidity of 85% to 
95%. Muskmelon fruits were stored no more than 5 days prior 
to use in experiments. 
Oxygen Depletion Measurements 
Oxygen depletion data were obtained by enclosing 
cabbage heads or muskmelon fruit into plastic, gas-tight 
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containers (V = 8.75 liter) and measuring 02 concentration 
with time. Cabbage and muskmelons were selected for 
uniformity in weight, size, and maturity. Each container 
held a single head or fruit. A rubber sampling port was 
fitted on each container for withdrawing gas samples. Three 
replications for each commodity were used. High-vacuum 
grease was used to seal the container. A leak test was 
conducted on the containers by injecting 0.98 or 1.68 ppm 
ethylene into two, sealed, empty containers and measuring 
concentration with time. No significant decrease in 
ethylene concentration occurred during a period of a week. 
Packages 
Film bags of the same type (PEVA) with a dimension of 
50 cm x 36 cm and a total surface area of 3600 cm2 were used 
for packaging cabbages or muskmelons. Oxygen and carbon 
dioxide permeabilities of the film were 0.03 and 0.08 
ml.cm'2.hr"1.atm"1 at 10°C, respectively, measured by the 
steady state method described previously. Various weights 
of intact cabbage or muskmelon (1.5 to 5 kg) were enclosed 
into each bag. NaCl at a ratio of 1 g NaCl : 100 g fruit 
was incorporated into muskmelon packages to control relative 
humidity and avoid surface water condensation. Bags were 
sealed with an impulse sealer (State Mercantile Corp. 
Manhasset, New York), and changes in 02 concentration in 
packages were followed until steady state was reached. 
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Steady state O- concentrations were compared to values 
predicted from equations developed from mathematical 
procedures described previously. The final predictive 
equations developed for cabbage and muskmelon incorporate 
different values for the constants a, b, c and 10V/WR into 
equation [3.9] than those for tomato. The constants from 
regression equations are shown for both commodities and 
compared to those obtained for tomato from a previous study 
(Table 4.1). 
Results 
The rate of 02 depletion decreased with decreasing 02 
concentration and was expressed by a second order polynomial 
(Fig. 4.1). Changes in concentrations of 02 and C02 in 
packages containing different weights of cabbage and 
muskmelon were shown (Figs. 4.2 and 4.3). Increasing 
commodity weight in packages shortened the time needed for 
02 concentration to reach steady state and resulted in lower 
02 and higher C02 steady state concentrations. A steady 
state 02 concentration of 3% to 4.5% was achieved within 4 
days if approximately 3 kg of muskmelon and 4 kg of cabbage 
were enclosed into the packages. The accompanying steady 
state C02 concentrations in these packages were in the range 
of 5.5% to 7.5%. Steady state 02 concentrations in packages 
with weights from 1.5 kg to 5.0 kg of either commodities 
were measured and compared to those predicted from Eq. [3.9] 
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by incorporating different constants (Table 4.1). Steady 
state 02 concentrations achieved in MAP of cabbage were 
within an average of 15% of those predicted, and in most 
cases did not deviate by more than 1% from those predicted. 
However, for muskmelon, predicted steady state 02 
concentrations were 2 to 3% higher than those achieved 
experimentally and gave an average percentage error of about 
46% (Fig. 4.4). 
In an attempt to improve the predictions for muskmelon, 
the input variable RRo2 was determined using a different 
method. Since C02 concentration may influence the rate of 
02 consumption, a steady state experiment was conducted, and 
C02 evolution rate was measured. Fruits were treated with 
different 02 concentrations using a flow through system 
(Fig. 4.5) and were never exposed to a C02 concentration 
greater than 1%. Sufficient time was allowed for fruits to 
respond to each 02 concentration by running treatments 
overnight. Carbon dioxide concentration in outlet gas 
mixtures was measured until a steady state concentration of 
C02 was reached. Fruit C02 evolution rates were calculated 
based on the steady state C02 concentration measured, gas 
mixture flow rate, and fruit weight. For the purpose of 
model development, 02 consumption rates rather than C02 
evolution rates for different 02 concentrations are needed. 
However, measurement of the small differences in 02 
concentration between gas inlets and gas outlets against a 
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high background 02 concentration was not possible in a flow 
through system. 
The rate of C02 production decreased sharply for 02 
concentrations below 10% (Fig. 4.6). A functional 
relationship between 02 concentration and C02 evolution rate 
was established by fitting a second order polynomial. Data 
were used in mathematical procedures by assuming a 
respiratory quotient (RQ) of one. Steady state 02 
concentrations achieved in packages were within an average 
of 20% of those predicted from the refined procedures (Fig. 
4.7). The predictive power was improved compared to the 46% 
error resulted from the initial procedures. 
Discussion 
Results indicated that predicting steady state 02 
concentrations in MAP of cabbage using the procedures 
developed for tomato was successful. For muskmelon, 
initially predicted steady state 02 concentrations were 
consistently higher than those determined experimentally. 
The discrepancy may in part have been caused by overlooking 
the effect of C02 on the 02 consumption rate of fruits. 
During the measurement of 02 depletion in a closed 
container, fruits are exposed to C02 concentrations 
substantially higher than packages will actually be exposed 
to at steady state conditions (e.g., 5±2%). If high C02 
concentrations decrease the 02 consumption rate, the 
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described mathematical procedures will tend to underestimate 
02 consumption rates for low 02 concentrations and will 
result in higher predicted steady state 02 concentrations. 
Use of RRo2 derived from the steady state experiment, in 
which fruits were only exposed to less than 1% C02/ improved 
the predictive power of the equation for muskmelon fruit. 
Nevertheless, equations developed using RRo2 from nonsteady 
state 02 depletion experiments performed well in predicting 
in-package steady state 02 concentrations of cabbages and 
mature green tomatoes for a wide range of packaging 
conditions. This results suggest that high C02 
concentrations do not have much effect on the rate of 02 
consumption by those commodities. This is in agreement with 
findings that C02 concentration up to 60% had little effect 
on the rate of 02 consumption by cabbage (Kubo et al., 
1990). Henig and Gilbert (1975) also suggested that 
reduction of 02 consumption rate by tomato was very low in 
response to accumulated C02 concentrations up to 20%, 
although C02 concentrations above 9% decreased C02 evolution 
rate significantly in their experiment. 
Results from procedures used to predict in-package 
steady state 02 concentrations for three different 
commodities suggest that the general approach described will 
have applicability to other commodities. To improve the 
predictive power of the procedures, measurements of the 
relationship between 02 consumption rate and 02 
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concentration can be modified for commodities where C02 
significantly affects 02 consumption rate (e.g., muskmelon). 
Use of the RRo2 derived from the nonsteady state experiment 
where C02 may approach 20%, or from the steady state 
experiment where C02 never exceeds 1% will not be ideal, 
since fresh produce in MAP will often be exposed to a C02 
concentration of 5±2%. To minimize the C02 effect on the 02 
consumption rate, several workers used C02 absorbers (e.g., 
KOH or MgO) in the respiration container during the 02 
depletion measurements. Oxygen depletion data collected in 
the absence of C02 were then used to derive the RRo2 rate 
(Cameron et al., 1989). However, the development of partial 
vacuums in the containers resulting from C02 absorption may 
lead to substantial sampling errors when gas samples are 
taken with a syringe due to rushing of ambient air into 
syringe. The problem was reported to be overcome if 02 
concentrations were measured with an 02 probe inserted into 
the respiration container (Cameron et al., 1989). 
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Table 4.1. Fitted coefficients and constants used in Eq. 
[3.9] to predict steady state 02 concentrations in MAP of 
tomato, cabbage, and muskmelon. 
coefficients 
a b b 
10V/WR 
Tomato 0.00707 -0.745 20.6 24.5 
Cabbage 0.00031 -0.176 21.3 43.2 
Muskmelon 0.00043 -0.187 19.8 46.7 
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Time (hrs) 
Fig. 4.1. Oxygen depletion by (A) cabbage and (B) muskmelon 
in closed plastic containers at 10°C. Points represent 
means of 3 replications ± 1 SD. 
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Fig. 4.2. Changes in C02 and 02 concentrations in MAP 
containing various weights of cabbage stored at 10°C. 
packaging film had a surface area of 3600 cm2 and C02 
permeabilities of 0.08 and 0.03 ml .cm"2.hr'1.atm"1, 
respectively. 
The 
and 02 
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Fig. 4.3. Changes in C02 and 02 concentrations in MAP 
containing various weights of muskmelon stored at 10°C. 
packaging film had a surface area of 3600 cm2 and C02 and 
permeabilities of 0.08 and 0.03 ml.cm'2.hr'1.atm'1, 
respectively. 
The 
02 
60 
Fig. 4.4. Comparison of predicted steady state 02 
concentrations (-) with those achieved experimentally (•) 
in MAP containing different weights of (A) cabbage and (B) 
muskmelon stored at 10°C. The packaging film had a surface 
area of 3600 cm2, and an 02 permeability of 0.03 ml.cm"2. 
hr'1, atm'1. 
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- Flowmeter 
^2 ^2 ^as mixing Respiration chambers 
chamber 
Fig. 4.5. Schematic diagram of the flow-through system used 
for measuring C02 evolution rates by muskmelon fruit at 
different 02 concentrations. 
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Fig. 4.6. Rates of C02 evolution by muskmelon fruits at 
different 02 concentrations determined from a steady state 
experiment at 10°C. Point values represent means of four 
replications ± 1 SD. 
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Fig. 4.7. Comparison of predicted steady state 02 
concentrations by the equation developed from refined RRo2 
with those achieved experimentally in MAP of different 
weights of muskmelon stored at 10°C. The packaging film had 
a surface area of 3600 cm2, and an 02 permeability of 0.03 
ml. cm-2. hr"1. atm'1. 
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CHAPTER 5 
RAPID TESTING OF FILMS AND DESIGNS FOR MODIFIED 
ATMOSPHERE PACKAGES USING AN ACTIVE MODIFICATION TECHNIQUE 
Additional Index Words: vacuum, infusion, steady state 02 
concentration, muskmelon, cabbage, tomato 
Abstract 
It frequently takes days or weeks to determine if 
desired steady state concentrations of gases are reached in 
modified atmosphere packages of produce when atmospheres are 
modified by commodity respiration. A rapid method for 
testing packaging films and designs with active modification 
of atmospheres by vacuum and N2 infusion was developed in 
this study. Reduction of 02 concentration in produce 
packages and commodity tissues was completed within minutes 
by using several cycles of vacuum and N2 infusion 
treatments. Produce packages were placed in a desiccator 
and subjected to repeated partial vacuums, each followed by 
infusion of N2 to 1 atm. Resulting 02 concentrations in 
packages (polyethylene + ethyl-vinyl acetate additive) were 
dependent on the extent of vacuum and the number of 
evacuations. Within packages of tomatoes, 02 concentrations 
of 8.3±0.5% and 5.0±1.0% were measured following two 
evacuations to 460 and 360 mm Hg, respectively. Three 
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evacuations of cabbage and muskmelon packages to 460 mm Hg 
resulted in 02 concentrations of 5.1±l.4% and 5.0±1.4%, 
respectively. Maintenance or deviation from actively 
established atmospheres by the film was determined within 
hours. 
Introduction 
Greater availability of packaging materials with a wide 
range of gas permeabilities has enhanced interest in the use 
of modified atmosphere packaging (MAP) to increase the 
postharvest life of fresh fruits and vegetables (Kader et 
al., 1989). Packaging of a commodity into a film with 
suitable gas permeabilities is crucial for the success of 
MAP. Further optimization of a design for MAP can be made 
by adjusting the film surface area and in-package commodity 
weight (Cameron et al., 1989; Henig and Gilbert, 1975? 
Kawada, 1981). Selection of an appropriate film and MAP 
design frequently was made by testing several films, each 
used with different packaging ratios (the ratio of film 
surface area, A, to commodity weight in package, W). When 
atmospheres are modified passively by produce respiration, 
days or weeks may be needed for in-package gas 
concentrations to reach steady states (Ballantyne et al., 
1988? Geeson et al., 1985). Thus, the procedure for testing 
films and packaging designs by passive modification can be 
lengthy. Alternatively, if the approximate film type and 
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packaging design is known or can be predicted from models, 
then the film and design can be tested rapidly by evacuating 
the commodity and package gases followed by infusion of a 
desired atmosphere. This approach is referred to as active 
modification. The objective of this study was to develop a 
method to rapidly test the appropriateness of packaging 
films and MAP designs using a technique for active 
modification of atmospheres. 
Materials and Methods 
A schematic diagram of the apparatus used for active 
modification of atmospheres is shown (Fig. 5.1). A 
partially sealed (opening of 1 to 2 cm width) package of 
produce (polyethylene + ethyl-vinyl acetate additive) was 
placed into a desiccator and then subjected to repeated 
exposures to partial vacuums (3 mins) using a mechanical 
vacuum pump, followed by the infusion of N2 to atmospheric 
pressure. The technique also has the capability of 
introducing other infusion gases such as C02. Oxygen 
concentrations in packages after the vacuum and N2 infusion 
treatments depended on the extent of the vacuum and the 
number of evacuations applied. To ensure a uniform 
reduction of the 02 concentration in the produce bag and the 
desiccator, the gas flow line in the desiccator was divided 
into two lines. One of the gas lines was inserted into the 
produce package, and the other was in the atmosphere of the 
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container (Fig. 5.1). The rate of N2 infusion was regulated 
by a flowmeter and stopped when pressure in the desiccator 
reached 1 atm. Three to five minutes at atmospheric 
pressure were allowed for N2 to enter the commodity tissues 
following each infusion and prior to the next exposure to 
vacuum. After the final N2 infusion, the package was 
removed from the desiccator. The opening left on the 
package for rapid gas exchange during the vacuum-N2 infusion 
treatment was clamped immediately and then sealed with an 
impulse sealer. The 02 concentration in the package was 
measured with a gas chromatograph fitted with a thermal 
conductivity detector. 
The method of actively modifying atmospheres in 
packages was used with mature green tomato (Lvcopersicon 
esculentum Mill. 'Heinz 1370'), cabbage (Brassica oleracea 
L. caoitata 'Express'), and muskmelon (Cucumis melo L. var. 
reticulatus Naud. 'Mission'). The film surface area (A) and 
in-package commodity weight (W) of the packaging designs 
tested were: 1) for muskmelon, A = 1700 cm2, W = 1575±15 or 
1141149 g; 2) for cabbage, A = 1508 cm2, W = 1389188 g; and 
3) for mature green tomato, A = 1303 cm2, W = 1300128 g. 
Results and Discussion 
Partial vacuums, number of evacuations, and 02 
concentrations achieved are shown in Table 5.1. Actual 02 
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concentrations achieved agreed closely with those calculated 
from Eq. [5.1], 
[°2]p= [°2] a <-£■>” [5.1J 
where [02]p is the 02 concentration predicted in the package 
in %, [02]A is the ambient 02 concentration accepted to be 
20.8%, P is the low pressure resulting from partial vacuum 
applied in mm Hg, PA is the ambient atmospheric pressure 
(760 mm Hg), and n is the number of evacuations. Results 
demonstrate that initial in-package 02 concentrations are 
predictable based on the extent of partial vacuum applied 
and the number of evacuations used. 
Pressure reduction in an empty desiccator (volume = 8 
liters) is shown in Fig. 5.2. It took about 0.5 and 1.0 
min, respectively, to reduce the pressure to 460 and 360 mm 
Hg, the two treatments used in experiments. The strongest 
partial vacuum achieved with this apparatus resulted in a 
pressure of about 70 mm Hg (0.09 atm). Repeated exposures 
of commodities to low pressure (460 or 360 mm Hg) followed 
by the N2 infusion treatment were used to reduce the 02 
concentration stepwise to the desired level rather than 
using one strong vacuum (e.g. pressure of 150 mm Hg). The 
time needed for muskmelon, cabbage, or tomato packages to 
achieve steady state 02 concentrations when atmospheres were 
modified passively by commodity respiration are compared 
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with those created actively (Fig. 5.3). Passive atmosphere 
modification to achieve steady state 02 concentrations took 
4, 5, and 1 day(s) for muskmelon, cabbage and tomato, 
respectively. Use of the active modification technique 
established 02 concentrations in a matter of minutes. 
Whether or not the film would maintain a desired 02 level 
was determined within 1 day. 
Results from this study show that the proposed active 
atmosphere modification system can be used efficiently to 
test packaging films and designs. Time should be allowed 
following film closure for changes to occur in the actively 
established initial gas concentrations. The maintenance 
concentration that follows can serve as the number to be 
evaluated for the appropriateness of the packaging 
parameters and for selecting new parameters if necessary. 
For example, if 4±1% is the desired 02 concentration, as it 
is for muskmelon and tomato (Kader, 1980; Salunkhe and Wu, 
1973), active modification would allow one to know within a 
day that an intermediate packaging ratio (i.e. A/W = 1.3 to 
1.4 cm2/g) between the two tested for muskmelon should be 
used (Fig. 5.3A). In tomato packages (Fig. 5.3C), the 
actively established 02 concentration, after an initial 
reduction to 4%, increased rapidly to above 6% suggesting 
that a film with a lower 02 permeability or that a smaller 
packaging ratio should be used. The tested design for 
cabbage (Fig. 5.3B) appears appropriate because an in- 
72 
package 02 concentration of about 3% was maintained. This 
02 concentration is recommended for cabbage (Bohling and 
Hansen, 1977; Furry et al., 1981). 
With tomato, passive modification allowed in-package 
atmospheres to reach steady state within 2 days, the 
shortest time among the three commodities (Fig. 5.3). 
However, experiments were conducted at temperatures higher 
than the recommended optimum storage temperatures for all 
three commodities. The time needed for passive modification 
to achieve steady state 02 concentrations would be longer 
for packages kept at temperatures lower than those used in 
this experiment. Active modification allows one to obtain 
rapid determinations of the appropriateness of the packaging 
designs at the target temperature. Suboptimum packaging 
designs can be corrected experimentally to achieve the 
desired atmospheres either by using a different film or by 
adjusting the packaging ratio (Gong and Corey, unpublished 
data). 
Conclusions and Applications 
Respiration rates can vary greatly among different lots 
of a given commodity, for different seasons, and at 
different maturities. Also, packaging films of a particular 
type may have different gas permeabilities from one batch to 
another. Thus, packaging designs may need to be updated 
often and refined to adjust for factors that cause 
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variability, so that optimum gas concentrations can be 
achieved and maintained. Rapid testing or screening of 
packaging designs can be accomplished by active 
modification. In practice, most packers will have a 
specific packaging design and packing ratio that can be 
adjusted only slightly. A film suitable for this design 
should be selected and tested, and then the packaging ratio 
should be adjusted to achieve the optimum steady state gas 
concentration. 
For produce packages where designs have been tested and 
optimized, the rate of establishment of the desired 
atmosphere often can be important. Rapid reduction of 02 
concentration by N2 flushing in controlled atmosphere 
storage improved quality of apples (Lau, 1983; Lau and 
Looney, 1982; Prinja, 1989). Commercially, procedures for 
active modification of atmospheres include flushing packages 
with a desired gas mixture or drawing slight vacuums 
followed by injection of a gas mixture of the desired 
composition (Kader et al., 1985; Smith et al., 1987; Rizvi, 
1988). The method reported here has several advantages over 
the commercial procedures. First, the desired 02 level in 
packages can be achieved quickly and easily, since the 
reduction of 02 concentration is predictable from the 
pressure following evacuation and the number of exposures to 
vacuum and N2 infusion. Thus, the need for expensive gas 
mixtures containing a specific 02 concentration is 
74 
eliminated. Oxygen concentrations are not predictable if 
partial vacuums are pulled directly in sealed flexible 
packages because of the conformational changes in wrapping 
materials. The active modification technique allows equal 
reductions in atmospheric pressure inside and outside the 
partially sealed package during the vacuum treatment. The 
technique described here also gives the flexibility of using 
different partial vacuums combined with a varying number of 
evacuations to achieve the same desired in-package 02 
concentration. For instance, approximately 4.7% 02 
concentration can be expected for a package subjected to one 
evacuation to 170 mm Hg, two evacuations to 360 mm Hg, or 
three evacuations to 460 mm Hg. 
Relatively strong partial vacuums can be generated for 
rapid reduction of 02 and ethylene (C2HA) concentrations in 
the commodity tissues without imposing mechanical stress on 
the film. Attempts to create a strong vacuum (e.g., p = 380 
mm Hg) directly within sealed packages could cause changes 
in film structure and gas permeability. For fruits, 
particularly those of the climacteric type, removal of 
existing C2H4 in tissues, combined with reduction of 02 and 
addition of C02, may significantly delay ripening by 
inhibiting the synthesis and action of C2HA (Stow, 1989; 
Yang, 1985). During long distance shipment, the increased 
shelf life could be particularly important to minimize 
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losses due to ripening in transit and to ensure maintenance 
of quality in retail markets. 
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Table 5.1. Concentrations of 02 established actively in 
packages subjected to different partial vacuums compared 
with those obtained by calculation. 
Commodity 
Pressure Number of 02 concentration (%)z 
(mm Hg) evacuations Achieved Predicted 
Tomato 460 2 8.3±0.5(3) 7.6 
360 2 5.Oil.0(3) 4.7 
Cabbage 460 3 5.1±1.4(4) 4.6 
Musknelon 460 3 5.011.4(7) 4.6 
z Achieved values are means ± 1 SD. Numbers in parentheses 
indicate number of replications. Predicted values were 
calculated from equation in text. 
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Produce 
package 
Fig. 5.1. Schematic diagram of the apparatus used for active 
modification of atmospheres in produce packages. 
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Time (min) 
Fig. 5.2. Time course of pressure reduction in the 
desiccator used for application of partial vacuums and 
evacuation of package designs. 
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Days 
Fig. 5.3. Changes in 02 concentrations following closure in 
packages of muskmelon (A), cabbage (B), and tomato (C) when 
atmospheres were modified passively or actively. Open 
symbols (O) and (□) show active modification, closed symbol 
(•) is passive modification. Packaging ratios (A/W) used 
were 1±0.1 cm2/g except (□) for muskmelon when the packaging 
ratio was 1.5±0.06 cm2/g. Vertical bars represent 1 SD. 
Bars smaller than symbols are not shown. 
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CHAPTER 6 
SUMMARY 
Conclusions 
A critical decision in designing a MAP is selection of 
a packaging film with suitable permeabilities to gases. The 
permeability of a film changes with temperature and varies 
with the batch produced. A method for measuring gas 
permeability of films was developed which was inexpensive, 
rapid, and accurate. 
The mathematical procedure described in chapter III and 
the final predictive equations derived from the procedure 
successfully predicted steady state 02 concentrations in MAP 
of tomato and cabbage for a range of packaging designs. The 
equations also can be used to predict appropriate films and 
packaging ratios to achieve a desired steady state 02 
concentration. However, for muskmelon, the procedure tends 
to overestimate the steady state 02 concentrations, possibly 
due to the effect of C02 on the 02 consumption rate of 
muskmelon. Using the input variable RRo2 derived from a 
steady state experiment minimized the presumed C02 effect 
and improved the predictive power of the equation for 
muskmelons. 
Predictive equations and MAP designs can be tested 
rapidly and optimized if necessary by using a technique for 
83 
active modification of atmospheres. Rapid establishment of 
the optimum atmospheres in MAP and in commodity tissues may 
increase shelf life for highly perishable commodities. 
The equations and methods developed did not deal with 
steady state C02 concentrations in MAP. However, once the 
steady state 02 concentration is predicted, the steady state 
C02 concentration can be predicted based on the respiratory 
quotient (RQ) of the commodity and the ratio of film 
permeability to C02 and 02 {'Pco2/'Po2) . Alternatively, a 
Vco2/'Po2 can be selected to achieve a desired steady state 
C02 concentration (Appendix B). 
Future Work 
Development of RRo2, Po2, and the optimum 02 
concentrations as functions of temperature will enable 
incorporation of temperature as a variable into the 
equations for predicting steady state 02 concentrations in 
MAP at various temperatures which may be encountered during 
distribution or marketing periods. 
For commodities in which C02 significantly affects 02 
consumption rates, oxygen consumption rates in different 
combinations of 02 and C02 concentrations are desirable for 
more accurate determination of the respiration function 
RRo2 • 
Knowledge of water vapor transmission rates of various 
packaging materials is important in order to avoid water 
84 
condensation on films and accelerated decay of certain 
commodities as a result of a water-saturated environment 
developed in packages. Either a film with an adequate water 
vapor transmission rate should be used or water absorbing 
agents need to be incorporated into packages. 
Increased availability of polymeric films, relative low 
cost, and the growing concern of consumers toward chemical 
residues in fresh fruits and vegetables favor the increased 
use of MAP as a viable means of increasing shelf life. The 
procedures and methods developed in this work can provide 
packers with basic tools for designing successful MAP 
systems. 
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APENDIX B 
PREDICTION OF STEADY STATE C02 CONCENTRATIONS IN MAP 
When the gases a MAP kept in air achieve steady state, 
the following two equations are established. 
RRco2=Pco2A( [C02]-0.03) [B.l] 
RRo2=Po2A(20.8-[02] ) [ B. 2 ] 
From Eq. [B.l] and [B.2], 
RRc°2_ Pco2( [C02] -0.03) 
P°2 (20.8-[02] ) 
Since RRCO2/RRO2 = RQ, the respiratory quotient, 
rearrangement of Eq.[B.3] gives, 
Pco2 
Po2 
=RQ 
20.8 - [02] 
[C02] -0.03 * 
[B.4] 
From Eq. [B.4], the steady state [C02] in the same package 
can be predicted by knowing the respiratory quotient, the 
steady state oxygen concentration and the ratio film 
permeability to C02 and 02 (Pco^Po^ . The PcOz/POz necessary 
to achieve steady state C02 concentrations from 1 to 5% at 
different steady state 02 concentrations and RQ values were 
calculated (Table B.l). 
94 
Table B.l. The calculated PCO2/PO2 necessary to achieve 
steady state C02 concentrations from 1 to 5% at different 
steady state 02 concentrations and RQ values. 
Steady State 
[02] (%) RQ 
Steady State [C02] (%) 
1 2 3 4 5 
PC02/P02 
0.8 16.3 8.0 5.3 4.0 3.2 
1 1.0 20.4 10.1 6.7 5.0 4.0 
1.2 24.5 12.1 8.0 6.0 4.8 
0.8 15.5 7.6 5.1 3.8 3.0 
2 1.0 19.4 9.5 6.3 4.7 4.8 
1.2 23.3 11.5 7.6 5.7 4.5 
0.8 14.7 7.2 4.8 3.6 2.9 
3 1.0 18.4 9.0 6.0 4.5 3.6 
1.2 22.0 10.8 7.2 5.4 4.3 
0.8 13.9 6.8 4.5 3.4 2.7 
4 1.0 17.3 8.5 5.7 4.2 3.4 
1.2 20.8 10.2 6.8 5.1 4.1 
0.8 13.0 6.4 4.3 3.2 2.5 
5 1.0 16.3 8.0 5.3 4.0 3.2 
1.2 19.5 9.6 6.4 4.8 3.8 
0.8 12.2 4.5 4.0 3.0 2.4 
6 1.0 15.3 6.0 5.0 3.7 3.0 
1.2 18.3 7.5 6.0 4.5 3.6 
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